Together, macroalgal tissue biochemical nitrogen indices (N-indices) and macroalgal abundance can be used as bioindicators of N-enrichment in estuaries. In this study, we examine the extent and rates of response of Ulva bioindicators during rapid Nenrichment perturbations in the eutrophic Avon-Heathcote Estuary (AHE) (Christchurch, New Zealand). With the diversion of the city's wastewater discharge away from the estuary in March 2010, a~90% reduction in the estuary's N-concentration was expected. In turn, this was expected to reduce macroalgal biomass and improve the overall trophic condition of the estuary. We surveyed Ulva bioindicators over a five-year period spanning the diversion. There was a rapid (within one year) transition away from eutrophic condition reflected in N-indices (tissue-chlorophyll, -free amino acids, -N and -δ 15 N) following wastewater diversion, towards values corresponding with 'cleaner' water quality. This was accompanied by large reductions in Ulva percent cover, based on seasonal surveys conducted from 2001 to 2014. However, two large earthquakes in February and June 2011 caused a breakdown of the city's wastewater infrastructure, resulting in overflows of untreated sewage into the estuary between February and November 2011. The re-enrichment of N and changes in N-sources (treated versus untreated sewage) were rapidly reflected in Ulva bioindicators, notably δ 15 N. Following repair of infrastructure, Ulva bioindicators again reverted towards a less eutrophic state. Overall, bioindicators were sensitive to changes in N-availability and N-source, and useful for identifying the position of algal populations on a eutrophic-to-oligotrophic gradient. These attributes demonstrated their utility as adjuncts to water quality monitoring and algal biomass surveys.
Introduction
Urbanisation, deforestation, agricultural intensification and fertiliser application (Fowler et al. 2013) have resulted in increased nutrient loading to estuaries and other aquatic ecosystems globally (Nixon 1995; GESAMP 2001; Jones et al. 2018) . Increased nutrient loading has, in turn, caused increases in primary production of macroalgae leading to nuisance blooms, often notably of the genera Ulva and Gracilaria, with both direct and indirect effects on sediment chemistry, biotic interactions and biodiversity in estuaries (Morris 1991; Sfriso et al. 1991; Bokn et al. 2002; Savage et al. 2002; Sutula et al. 2014) . Consequently, monitoring and control of nuisance macroalgal blooms have become a primary objective in management of coastal systems impacted by nutrient pollution (Sfriso et al. 1991; NRC 2000; Sutula et al. 2014) .
In temperate estuaries, nitrogen (N) is generally the primary limiting nutrient during peak seasonal growth for macroalgae (Hanisak 1983) , such as Ulva and Gracilaria (Rosenberg and Ramus 1982) . For this reason, water column N is commonly monitored in coastal systems, often in support of management frameworks designed for the purpose of eutrophication control (ANZECC 2000; NRC 2000 ; EU Water Framework Directive 2000/60/EC). Such monitoring typically consists of conventional measures of water quality through water column nutrient sampling. However, physical, chemical and biological processes of estuarine systems are constantly changing as they are influenced by freshwater runoff, other terrestrial inputs, and tidal exchange of water with the adjacent open sea (Flindt et al. 1999) . Consequently, sampled nutrient concentrations in shallow estuaries can vary significantly in space and time, making monitoring of concentrations problematic for assessing trophic condition (as a function of N loading). This can be further exacerbated by the capacity of fast-growing macroalgae to rapidly take up N and other nutrients, particularly when in high biomass, decoupling observed concentrations from algal productivity and biomass (Björnsäter and Wheeler 1990; Thybo-Christesen et al. 1993; Valiela et al. 1997; Fong et al. 1998; Flindt et al. 1999) . Together, these factors underlie the often observed lack of correlation in estuaries between water column N (and nutrient) concentrations, and either productivity or growth of the primary producers that ultimately drive trophic condition (Fong and Zedler 1993; Fong et al. 1998) .
To improve understanding of macroalgal productivity in response to N-availability, and to develop macroalgal bioindicators, early research focused on the N-status of macroalgae as an index of seawater N-availability (Atkinson and Smith 1983; Björnsäter and Wheeler 1990; Peckol et al. 1994; Fong et al. 1998) . Historically, total tissue-N content or the ratio of nitrogen/carbon (N:C) was typically used as measures of N-status in studies of microalgae (Flynn et al. 1989 ) and macroalgae (Atkinson and Smith 1983; Björnsäter and Wheeler 1990; Peckol et al. 1994; Fong et al. 1998 ). However, other research has examined the responses of other tissue N-indices in macroalgae, including tissue-chlorophyll (Buapeta et al. 2008) and free amino acids (FAA) (Jones et al. 1996; Costanzo et al. 2001; Barr and Rees 2003; Costanzo et al. 2005; Barr et al. 2013) to N-availability, with positive results. There is also the longknown relationship between tissue-N content, in the various internal N-storage pools of some macroalgae, and potential growth rate when other requirements, particularly light and temperature (Duke et al. 1989) , are not limiting for growth (Björnsäter and Wheeler 1990; McGlathery et al. 1996) . Therefore, monitoring tissue N-status in Ulva (and potentially other bloom-forming algae) in relation to changes in N-availability in the environment can improve understanding and aid management of such proliferations (e.g. Fong et al. 1998 ).
Stable isotopes of N and C (δ 15 N and δ 13 C) in sediment, water and biota, including those developed as bioindicators in marine ecosystems (e.g. McClelland et al. 1997; Rogers 1999; Cloern et al. 2002; Rogers 2003; Fong 2005, 2006; Lemesle et al. 2016; Jones et al. 2018 ), also offer unique information about the dominant available sources of N that are fixed within these ecosystems. In particular, δ 15 N tends to vary in coastal systems depending on the predominant N-sources available (and subsequently taken up by primary producers such as macroalgae). Such sources often have characteristic ranges of δ 15 N values, and include N from urban (human and industrial) waste, agricultural (fertiliser and animal) waste, and N derived from natural remineralisation and upwelling processes (Wada et al. 1975; Sigman et al. 2000; Bedard-Haughn et al. 2003 ). In exposed, open coastal environments, marine sources generally provide the majority of biologically available fixed N (Sharp 1983) . In semi-enclosed systems (including tidal lagoons and estuaries) however, δ 15 N values of the dissolved N pool may be significantly influenced by terrestrially derived N (supplied from groundwater and surface water flows). Detection of anthropogenic N loading in coastal waters requires natural state 'unimpacted' δ 15 N values for terrestrial and marine-derived water column DIN (dissolved inorganic nitrogen). At large regional or national scales, this requires an understanding of how δ 15 N baseline values vary spatially and temporally in impacted and unimpacted systems. Barr et al. (2013) created such a baseline for marine-derived δ 15 N values, recorded in Ulva bioindicator samples, collected from 27 natural populations around New Zealand.
The Avon-Heathcote Estuary (AHE) (Christchurch, New Zealand) has historically suffered from blooms of Ulva and Gracilaria which has largely been attributed to excessive N loading from Christchurch City's main wastewater effluent outfall located in the estuary. The outfall was diverted from the estuary to an ocean outfall in March 2010 and it was predicted that this would result in a~90% reduction of N loading to the estuary. We hypothesised that as a result of the reduction in N, there would also be significant reductions in algal productivity and biomass within 2 years of diversion, and this would also be reflected by biochemical and isotopic indices. We tested the responses of Ulva, as the dominant nuisance macroalgae in the AHE, to the abatement of wastewater-derived nutrient pollution using time-series investigations (of the key environmental and biological parameters) spanning several years before and after the diversion. However, 11 months after the commissioning of the ocean outfall, in February 2011 and again in June 2011, two powerful earthquakes struck Christchurch City. This damaged the city's wastewater infrastructure so that between February and June 2011, an average of 21% (derived from Christchurch City Council Wastewater Treatment Plant [CWTP] effluent discharge data) of Christchurch's wastewater flow did not reach the ocean outfall, but flowed directly to the AHE as untreated sewage, mainly via the Avon and Heathcote Rivers. Normal wastewater flows to the ocean outfall were fully restored by November 2011. The increase and subsequent decrease of nutrient loading associated with the earthquake provided a further opportunity to study macroalgal responses to eutrophication, along with the March 2010 wastewater diversion to the ocean outfall.
Here, we contribute to the current knowledge by applying these bioindicators in a study that examines large changes in N loading in an estuary undergoing trophic remediation. We compare time-series data of Ulva biochemical N-indices and estimates of Ulva surface percent cover measurements, with conventional water quality data collected over the period of this study. We also place the changes seen in N-indices from the AHE within the context of a New Zealand-wide survey of natural Ulva populations conducted in 2002. Specifically, the study objectives were to test the validity and utility of Ulva bioindicators (biochemical and isotopic N-indices, and percent cover estimates) as 'measures' of change in intensity and source of N loading to estuaries, and, in this case, examine some of the biotic and abiotic processes involved in remediation of an estuary that has suffered long-term eutrophication.
Methods

Study Setting
The AHE is located near Christchurch on the east coast of the New Zealand's South Island. It is a small (7 km 2 ) urban mesotidal lagoon (1.9 m mean depth (HWS), 1.8 mean tidal range) with extensive intertidal area (64 %). It has received the wastewater from Christchurch (with a current population 330,000) for many decades from the Christchurch City Wastewater Treatment Plant (CWTP).
Prior to the diversion of the wastewater discharge to an ocean outfall in March 2010, > 90 % of the estuary's DIN and DRP (dissolved reactive phosphorus) came from this wastewater, with the remaining nutrient loads sourced from its two rivers, the Avon and Heathcote Rivers (Bolton-Ritchie and Main 2005) . Median concentrations of total nitrogen (TN) in the inner estuary were between 160 and 330 μmol L −1 (Bolton-Ritchie and Main 2005), indicating that AHE was a hypertrophic system (Smith et al. 1999) . DIN concentrations (ca. 70 to 110 μmol L -1 ) were commonly recorded in the estuary prior to the wastewater diversion (Bolton-Ritchie and Main 2005) .
In recent decades, nuisance blooms of Ulva and Gracilaria were growing over its intertidal flats, often at very high biomasses (Knox and Kilner 1973; Steffensen 1974; Bressington 2003; Alexander et al. 2008 ). Williams (1960) (as cited in Alexander et al. 2008 ) recorded biomass levels > 4.5 kg wet weight/m 2 for the western and eastern sides of the AHE and Alexander et al. (2008) recorded biomasses in the western AHE as high as 3.65 kg wet weight/m 2 (or 1.10 kg dry weight/m 2 ) which were similar to maximum values reported by Thornber et al. (2017) . These levels of macroalgal biomass exceeded those identified by Sutula et al. (2014) as having adverse effects on health of several Californian estuaries. The largest proliferations of Ulva have historically occupied its western and eastern sides, so the study focussed primarily on the western Humphreys Drive area ('Western') and eastern inner side of the Brighton spit ('Eastern') ( Fig. 1) . These main Fig. 1 Site locations in the Avon-Heathcote Estuary (Christchurch, New Zealand). Locations of water quality sites shown as yellow circles with letters (the ECan site code is in brackets after the site name). A Discharge (SQ30544). B Avon (SQ30541). C Heathcote (SQ30548). D Western (SQ32819). E Eastern (SQ32575). F Mouth (SQ34656). G Shag Rock (SQ30546). Locations of algal percent cover sites shown as white circles with numbers. These sites include the two algal biochemistry monitoring Western (7) and Eastern (1) sites (white circles with indicated red outlines). See also Table 1 macroalgal beds were sampled monthly from 2009 to 2013, as described below.
Nutrient Water Quality
Water quality sampling from the AHE ( Fig. 1 ), dissolved inorganic nitrogen (DIN, being the sum of ammonium + nitrate + nitrite), total nitrogen (TN), dissolved reactive phosphorus (DRP) and total phosphorus (TP). Water quality data collected by the local regional council, Environment Canterbury (ECan), were extracted for locations nearest our sampling sites. Methods of sample collection and analysis used in the study were described by Bolton-Ritchie (2015) but nutrient concentrations in collected samples were determined using APHA (1998) Standard Methods for the Examination of Water and Wastewater (i.e. APHA 4500-NO 3 F for NO 3 − + NO 2 − , 4500-NH 3 F for NH 3 /NH 4 + , APHA 4500-N C for TN and APHA 4500-P B for DRP). Sampling was monthly and collections were made within 2 h of high tide at all sites except one, Shag Rock (SQ30546), where sampling was conducted at both high and low tide. This was because the Shag Rock site was located in the main channel where high and low tide samples in theory would reflect the extremes of incoming (i.e. more marine) versus outgoing (i.e. more land-derived) water column nutrient concentrations. For most analysis, the nutrient data used were for NH 4 -N, NO 3 -N, TN and DRP.
Macroalgal Sampling, Assaying and Analysis
Sampling of Ulva was conducted sporadically in the estuary from both the western and eastern sites from February 2009, followed by regular monthly collections beginning in November 2009 ( Fig. 1 ). Algal collections were made at low tide from three randomly chosen areas (i.e. giving three separate replicate thalli samples per site at each collection) at the western and eastern sites in the AHE. Sampled macroalgae were attached (i.e. not drifting so reflected in situ conditions), covered with some (~100 mm) seawater, and the three replicate thalli were selected to standardise for size and overall healthy appearance. For frondose Ulva species (predominately Ulva pertusa), individual larger thalli approximately 200-300 mm in length were selected. This gave sufficient material (~3 g) for all the tissue biochemical measurements required. Samples were rinsed in local seawater to wash off sediment and transported to the laboratory in a darkened cooler bin on ice for final processing, frozen storage (− 80°C) and subsequent analysis. For free amino acid (FAA) determination, Ulva tissue acid extraction was done using freshly collected material (prior to freezing (− 80°C) for other analyses: Barr and Rees 2003) . FAAs were extracted from Ulva (1 g fresh weight) in 5 ml ice-cold 1 M perchloric acid for 10 min, before neutralising with 1 M KOH (potassium hydroxide)/0.2 M MOPS (3-(N-morpholino)propanesulfonic acid). FAA content for the above samples was assayed using reverse phase HPLC (High Performance Liquid Chromatography). Concentrations were quantified by comparing with external standards for all individual FAAs and expressed in μmol-N g DW −1 .
Chlorophyll a and b concentrations were estimated for frozen Ulva tissue samples as described by Barr and Rees (2003) . Chlorophyll was extracted in methanol/dimethylsulphoxide (4:1 v/v) (Duncan and Harrison 1982) for 24 h at 4°C. Spectrophotometrically derived absorbances were converted to concentrations of chlorophyll a and b using standard formulae (Holden 1965) . Concentrations of chlorophyll a and b were expressed as mg g DW −1 and then added together to give total chlorophyll (a + b), hereafter referred to as total chlorophyll or just chlorophyll.
For Ulva tissue-N, -δ 15 N, -C and -δ 13 C analysis, samples were thawed, dried at 60°C for 48 h and then ground to a fine powder. For estimation of the above tissue constituents, a Dumas elemental analyser (Europa Scientific ANCA-SL) interfaced to an isotope mass spectrometer (Europa Scientific 20-20 Stable Isotope Analyser) was used. For tissue-δ 15 N quantification, samples were analysed against a urea standard/reference with a delta value of − 0.45 ‰.
Measurement precision was ± 1 %. For tissue-C δ 13 C quantification, samples are analysed against a sucrose standard/ reference with a delta value of − 10.80 ‰. Measurement precision was ± 0.3 %.
Ulva tissue N-indices were compared between pre-and post-diversion periods. Samples used were from the summer months only (November to January) when N limitation, if any, would be expected to occur. Comparisons of Ulva tissue Nindices, tissue-N, -chlorophyll and -FAA, were made between levels in the pre-diversion summer (2009/2010) and levels of the three post-diversion summers (2010/2011, 2011/2012 and 2012/2013 ) using the Holm-Sidak method for multiple comparisons (SigmaPlot version 12.5). Ulva N-indices from AHE, from pre-and post-diversion periods, were also compared with N-indices from 27 natural Ulva populations (divided into six environmental categories) from around New Zealand in 2001/2002 (derived from Barr et al. 2013) . Included were samples collected from AHE in pre-diversion summers (2001/2002 and 2009/2010) , and post-diversion summers (2010/2011 and 2011/2012) . Square root transformed values from nine Ulva tissue N-indices: the individual FAAs aspartate, glutamate, asparagine, glutamine, proline, the total remaining FAAs, total chlorophyll, tissue-N and tissue-δ 15 N, were used to produce a resemblance matrix. The matrix was then used to generate a Euclidian distance multi-dimensional scaling (MDS) plot that examined relative similarity/ dissimilarity of N-indices in Ulva populations using PRIMER (version 6.1.7).
Ulva Percent Cover Estimates
Christchurch City Council (CCC) staff carried out annual summer surveys of visual estimates of percentage cover of Ulva, between 2001 and 2015. It is worth noting that the same surveyor performed all the surveys over this 15-year period. Seventeen survey sites (Fig. 1) were typically surveyed on each survey occasion. Surveys were monthly from November (late spring) to February (late summer), inclusive. The visual assessment method involved assessing the total percentage macroalgal cover within a 5-m radius of the observer, in an area that was representative of the site in general. The 17 sites were of two types:
1. Ulva 'seed' sites where juveniles could remain attached for a period of initial growth, then once detached could supply new drift Ulva to other areas in the estuary. These areas were typically towards the centre of the estuary and included sites 9, 12 and 14 ( Fig. 1 ). 2. 'Accumulation' sites where drifted and attached Ulva continued to grow and sometimes accumulated on the shore. The heaviest accumulations occurred at site 3 on the eastern side of the estuary, and 6, 7 and 17 on the western, to south-western, side of the estuary. Accumulations were largest at site 7 where drifted Ulva tended to entangle in a large Gracilaria bed here. The remaining sites (1, 4, 8, 10, 11, 13 and 15) had only occasional accumulations and typically low percentage cover in all surveys.
The mean percentage cover for each site surveyed between November and February was calculated for the pre-and postwastewater diversion periods separately (2000/2001 to 2009/ 2010 and 2010/2011 to 2014/2015, respectively) . Frequency distributions of these percentage cover estimates were tested for differences between pre-and post-diversion distributions (chi-square), where the expected result under the null hypothesis was that pre-and post-diversion distributions were the same (STATISTICA 2013).
Results
Nutrient Water Quality
Nutrient water quality (Table 1) improved for most nutrients at most sites after the March 2010 wastewater diversion to the ocean outfall. Generally, there were clear reductions in NH 4 -N and DRP, although there were minor increases in these nutrients following the earthquakes on 22 February and 13 June 2011 (Fig. 2) . Reductions in NO 3 -N following the diversion were less pronounced compared with NH 4 -N because the major source of this nutrient was not the wastewater discharge, but the Avon and Heathcote Rivers. Consequently, the post-diversion reductions in DIN were intermediate between those of NH 4 -N and NO 3 -N (Table 1 and Fig. 3 ), including no improvement at the Heathcote site. The Shag Rock sampling site, which was routinely sampled at both high and low tides, was informative in terms of the range of difference between high and low tide nutrient concentrations, reflecting either more marine sourced lower concentrations, or more riverine sourced higher concentrations, respectively, to the estuary (Fig. 2) .
Mean daily (post-2007) values of DIN loading from the Avon River (156 kg day -1 ) were higher than from the Heathcote River (102 kg day -1 ) (Barr et al. 2012) . Loads peaked in winter (ca. July) when river flow rates were greatest, and usually exceeded 200-300 kg day -1 . The main effects on loads arising from wastewater infrastructure damage caused by the February 2011 earthquake were peaks in summer and autumn of NH 4 -N (and DIN) loads ( Fig. 3) , whereas summerautumn periods in other years had lower loads. Table 1 Change in median water column nutrient concentrations (μM) before (Jan 2007 to Mar 2010; n = 45) and after (Apr 2010 to Jun 2014; n = 60) the wastewater diversion, measured at water quality monitoring locations in AHE (Fig. 2) . Data are for samples collected around high tide, except at Shag Rock for which both high and low tide sampling is shown. Shown are concentrations pre-wastewater diversion/postdiversion (also refer to Fig. 3 ), percentage change, and probabilities (Mann-Whitney) that the pre-and post-diversion concentrations were from the same populations (* < 0.05, ** < 0.01, *** < 0.001, ns: not significant)
Algal Biochemical Monitoring
Changes in estuary N-supply from 2007 through to June 2014 were compared with changes in N-indices of seawater Navailability (tissue-chlorophyll, -FAA, -N and -δ 15 N content) in frondose Ulva populations from the eastern and western collection sites. Ulva chlorophyll content followed similar 'step-shift' trends as seawater DIN concentration going from higher average pre-diversion levels (from February 2009) through to lower average post-diversion (March 2010 to January 2013) levels. Following the wastewater diversion, there was a significant reduction in seawater DIN concentrations (Table 1 , Fig. 4 ) at both western and eastern sites. This was accompanied by reductions in chlorophyll content in Ulva from both the western and eastern sites, but the response was clearer at the eastern site where the DIN reduction was greater (Figs. 4) . Seawater DIN concentrations increased at both sites following the February and June 2011 earthquake series (Fig. 4) which resulted in overflows of raw effluent into the estuary. Ulva chlorophyll content also increased slightly at the eastern site during the earthquake period then decreased from November 2011 when the last of the major overflows to the two rivers were repaired. However, it remained higher at the western site where DIN levels also remained higher.
One year prior to the diversion, tissue-N and -N:C ratios in Ulva Comparisons between pre-and post-diversion values of Nindices in Ulva for summer ( Fig. 6) showed that for tissue-N, chlorophyll and FAA contents, there was a distinct, and in most cases statistically significant decrease after the diversion, at both western and eastern sites (strongest for chlorophyll and FAA content at the eastern site). Another observation worth noting is that although not specifically (or statistically) compared, N-indices, particularly those of FAA, from the western site were generally slightly lower than those recorded in Ulva from the eastern site. By the end of this study, there were marked declines in tissue-N to < 2 % at the eastern site and to~3 % at the western site, compared with pre-diversion levels of around 4 %.
Prior to the diversion, N-isotopic (δ 15 N) composition of Ulva (Fig. 7) showed an apparent seasonal shift in tissue-δ 15 N values with winter minima and summer maxima at both the western and eastern sites. Immediately post- diversion, Ulva tissue-δ 15 N values plateaued at around 9 ‰ by July 2010 at both sites, but by July 2011 (during the wastewater overflows arising from the earthquakes), tissue-δ 15 N values had again dropped to low values on both sides of the estuary. From January 2012 onwards, values again levelled off to around 9 ‰ at the eastern site and 10 ‰ at the western site, but with more variability at the western site.
We compared Ulva tissue N-indices from AHE with samples collected from 27 sites in AHE and elsewhere in New Zealand in 2002 (Barr et al. 2013 ), using multivariate (MDS) analyses of summer tissue-FAAs, -chlorophyll, -N and -δ 15 N (Fig. 8 ). Across NZ, there was clear separation of urban enriched samples with Ulva from all other environmental categories examined (Fig. 8a) . Compared with Ulva from enriched urban estuaries, which included AHE samples in 2002 and 2009, post-diversion Ulva samples collected in summer 2010/2011 and 2011/2012 showed a clear shift of N-indices away from the enriched urban category towards those of lower N loading indicted by Ulva samples from clean sites (Fig. 8b ).
Ulva Percentage Cover
When the time-series of percentage cover estimates of Ulva were analysed with respect to the timing of the wastewater diversion, there was a clear reduction in median percentage cover across the sites that typically supported the heaviest accumulations (sites 3, 6, 7, 17: > 20% cover, pre-diversion, Fig. 9a ). These included sites 3 in the eastern AHE, and 6, 7 and 17 in the western AHE where large accumulations and high Ulva beach-cast biomass were previously common. The large percentage cover reductions at sites 6 and 7 occurred within the first summer post-diversion (2010-2011: not shown) indicating rapid response to improved water quality conditions. Exceptions to the pattern of post-diversion Ulva cover reductions occurred at sites where Ulva was always rare (sites 1, 2, 4 and 5, Fig. 9a ). Sites known to support perennially moderate (up to 50%) cover of Ulva ('seed sites', see Discussion) also showed little change in median percentage cover. These were sites 9, 12 and 14 (Fig. 9a) .
The frequency distribution of samples of Ulva percentage cover showed a shift between pre-and post-diversion ( Fig.  9b ). There were large, significant (P < 0.001) reductions in percentage cover frequencies, most notably in the 10 to < 60 % cover categories, post-diversion, compared to pre-diversion. There was a corresponding increase in the 0 to < 10 % cover category from 45 to 75 % of the observations. Between pre-and post-diversion, the mean values of the percentage cover distributions decreased from 20.2 to 12.7 % and the medians decreased from 12.1 to 2.8 % (Fig. 9b ).
Discussion
Ulva as a Bioindicator of N Loading
We found significant biochemical and abundance responses of AHE Ulva to variation in nutrient loading arising from both the wastewater diversion and the earthquakes. These macroalgal responses integrated changes in seawater N-availability reflected literally across a whole estuary, at two well-separated eastern and existed in the same multi-dimensional space, and then changed after the diversion in the following two summers (2010/2011 and 2011/2012) , suggest that the broad biochemical processes and resulting N-status in Ulva, for a given population, exist in a dynamic equilibrium with the environment, at least through summer seasonal peak growth. As such, this is often when we are concerned about potential macroalgal blooms, so detecting these biochemical shifts over inter-annual time scales potentially offers a method for early detection of insidious, problem-causing changes in estuaries. One caveat that must be acknowledged though is the roll of water velocity and wave exposure on tissue N-status, due to enhanced rates of N uptake in Ulva (for discussion of this see Barr et al. 2008) . However, given the evidence provided in the comparison here, the observed changes a b Fig. 8 Multi-dimensional scaling (MDS) of tissue N-indices in Ulva derived from this study and Barr et al. (2013) for 27 sites around New Zealand, divided into environmental categories. Nine Ulva tissue Nindices were used: aspartate, glutamate, asparagine, glutamine, proline, and total remaining free amino acids, chlorophyll (a + b), tissue-N and tissue-δ 15 N. The nine N-indices were transformed using a square root transformation and were then used to produce a resemblance matrix. The matrix was used to generate a Euclidian Distance MDS plot that examined relative similarity/dissimilarity of N-indices in Ulva populations using PRIMER (version 6.1.7) as below. a Ulva tissue N-indices for 6 environmental categories that cross exposure and eutrophication gradients sampled in 2002 (from Barr et al. 2013) . b Changes in postdiversion AHE Ulva relative to Ulva from sheltered clean and urban enriched estuaries only, for the 2002 surveys and including samples from AHE in pre-(2009/2010) and post-diversion (2010/2011 and 2011/2012) periods in N-status over time would appear to be largely a function of changes in N-availibility, as opposed to the changes in water motion over time, that would be required to explain such observed shifts.
As indices of N-availability in the seawater column, tissuechlorophyll and -FAA content in Ulva showed the strongest responses (percentage change, Fig. 6 ) to the diversion of wastewater-derived N, while the percentage change in tissue-N was less dramatic (Fig. 6) . However, the fact that Ulva tissue-N declined from pre-diversion saturating summer levels (~4%, Björnsäter and Wheeler 1990) to lower postdiversion levels suggests it is likely the reduction in seawater N-concentration was to some extent impinging on potential summer growth rate in AHE Ulva. It is also worth noting that while N-indices mentioned above (tissue-chlorophyll, -FAA and -N) showed clear post-diversion reductions, they did not fall to average minimum values observed in Ulva populations with low water column N loading from around New Zealand (Barr 2007) , indicating Ulva in the AHE still had a moderate N-status and N-availability from the water column.
Tissue-Chlorophyll Chlorophyll content in macroalgae has long been known to increase with external nitrogen concentration and as such is largely considered as a metabolically active pool but because of its small size is not considered to be significant for N-storage (McGlathery et al. 1996) . Irrespective of this, chlorophyll content can offer a simple relative measure of change in N-availability assimilated into algal tissue, at least partly because chlorophyll levels are easily determined (Buapeta et al. 2008 ), but also because in this study, it showed a clear shift with the pre-versus postdiversion change in N loading in the estuary. Fig. 9 a Top two panels comparing median percentage cover of Ulva in the AHE in the pre-diversion period (2001 to 2010) and the postdiversion period (2010 to 2015) . Yellow circles show the three known 'seed site' areas (9, 12 and 14) and the pink are 'accumulation' sites (see Methods). The white circles are a scale key. b Top two panels comparing frequency distributions of percentage cover for Ulva in the AHE in the pre-diversion summers (2001/2002 to 2009/2010 ) and post-diversion summers (2010/2011 to 2014/2015) . Frequency distributions were fitted and tested for differences between pre-and post-diversion frequency distributions (chi-square), where the expected result under the null hypothesis was that pre-and post-diversion distributions were the same (chisquare = 42.34, df = 9, P < 0.001) a b
Tissue-FAA Compared with the N bound in chlorophyll, N bound in FAA in macroalgae can make up a considerable percentage of the tissue-N content, with values up to 47 % in red (Wilcox et al. 2006 ), 55 % in green (McGlathery et al. 1996 and 53 % in brown (Zimmermann and Kremer 1986) macroalgae. However, the range of the FAA pool within individual algal species can also vary with respect to its contribution to tissue-N. For example, the percentage contribution of FAA to TTN can range from 8-45 % in Chaetomorpha linum (McGlathery et al. 1996) , 4-9 % in Ulva fenestrate (Naldi and Wheeler 1999) and 7-70 % in Gracilaria tikvahiae (Bird et al. 1982) . While some of these changes may be due to the factors identified above (e.g. maintaining N-metabolism), there are few studies that have quantified the relationship between FAA content (including glutamine and glutamate) in macroalgae and sustained long-term nitrogen supply at ecologically relevant concentrations. The study of Barr and Rees (2003) showed the FAA pool in Ulva species can show rapid (within a single tidal cycle) and large responses to N contribution from the water column, while other studies have shown that of certain individual FAAs in Gracilaria can respond differently to different N-sources (e.g. NO 3 − versus NH 4 + ) in seawater (Jones et al. 1996) .
Tissue-N As above, total tissue-N was less responsive to changes in N loading (compared with chlorophyll and FAA as above) -probably because, as others show (Atkinson and Smith 1983; Barr and Rees 2003; Barr 2007) , it integrates over longer time scales (days to weeks), and is more likely to reflect seasonal differences in nutrient uptake and growth. Fluctuating seasonal tissue-N has been found in several temperate macroalgal species, with tissue-N tending to increase towards saturation in winter months as growth rate becomes limited by light and/or temperature (DeBoer 1981) . This means that although tissue-N is likely to reflect changing N-supply (Chapman and Craigie 1977; Rosenberg and Ramus 1982; Wheeler and Weidner 1983; Thomas and Harrison 1985) , it is unlikely to be linearly related to it. Regardless, our study revealed a clear summer response of tissue-N to changes in enrichment following the diversion. Ulva from the two sites maintained saturated levels of~4 % or more in the year preceding the diversion (Figs. 6  and 7) . Then, in the summer following the diversion, there was a marked decline in tissue-N to < 2 % at the western site and3 % at the western site by the end of the study. The more intermediate tissue-N values in the following 2012/2013 summer were likely caused by elevated N-supply due to earthquake-related enrichment occurring over 2011. By the 2012-2013 summer, these effects had disappeared, reflecting the improved water quality following the infrastructure repair. However, the positive effects of diversion at the western site were less pronounced than at the eastern site, presumably because the western site was strongly affected by Heathcote River DIN inputs (Fig. 4) , which were not remediated by the wastewater diversion.
Generally, Ulva at the western site had slightly higher levels of pre-and posted-diversion tissue-N (and other N-indices, see Fig. 6 ) consistent with the higher N loadings (see Table 1 ) at the western site (compared with those at the eastern site). Interestingly, some early trial Ulva growth assays were conducted just before and after the diversion showing that growth rate was slightly higher in Ulva from the western site compared with Ulva from the eastern site (unpublished data). This is consistent with the observation that growth rate in Ulva can be correlated (albeit non-linearly) with tissue-N (N-status) as shown by Björnsäter and Wheeler (1990) .
Tissue-δ 15 N One of the clearest shifts in AHE algal N-indices was seen in Ulva tissue-δ 15 N, with marked deviations from the marine N-isotopic coastal water baseline signature (~6.6-8.8 ‰) of Barr et al. (2013) for New Zealand. Nitrogen incorporated in the growing tissues of macroalgae such as Ulva integrate the δ 15 N signature of biologically available DIN in seawater (McClelland and Valiela 1998; Costanzo et al. 2001; Jones et al. 2001; Fry et al. 2003; Costanzo et al. 2005) . Ulva δ 15 N showed a significant shift in the sources of N in the estuary over the duration of this study. Prior to the wastewater diversion, δ 15 N switched from high (> > 8.8 ‰) values in summer 2009 to low (<< 6.6 ‰) values in winter, then back again to high values in summer 2009/2010. Before the diversion, the effluent was discharged directly into estuary from the CWTP oxidation and retention ponds. It is probable that the incoming raw effluent δ 15 N signature was low~0 ‰ (Heaton 1986; Bedard-Haughn et al. 2003; Dudley 2008; Barr et al. 2013 ) which persisted through the secondary wastewater treatment plant to the discharge in the estuary because of low winter temperatures and reduced biological processing of N in the ponds. In the summer, increased ammonia volatilisation and denitrification would remove more 14 N from the wastewater than 15 N, resulting in an increase in δ 15 N values of the remaining DIN. Prior to the diversion of wastewater from the estuary, this summer-to-winter shift from high to low δ 15 N was reflected in Ulva tissue-δ 15 N signature.
By the end of the study, Ulva tissue-δ 15 N values on both eastern and western sides of the estuary had stabilised at values that were near but slightly above the 6.6-8.8 ‰ baseline of Barr et al. (2013) , reflecting a much higher relative contribution of marine N to the estuary. The relative stability of the isotopic signal at the eastern site, compared with that of the western site, was probably a reflection of its greater distance from a river (the Heathcote River), and the stronger influence of the more stable marine end-member δ 15 N here. Barr et al. (2012) reported that Heathcote River 15 NO 3 − values were approximately 10 ‰, which is consistent with the slightly elevated 15 N levels at the western compared to eastern site. In addition, both sites showed elevated 15 N values above the marine baseline, which could also in part be accounted for by estuarine denitrification driven selective removal of 14 N (Bedard-Haughn et al. 2003) . Irrespective, previous work has shown that Ulva shows minimal discrimination at uptake against isotopically heavier (or lighter) forms of N (Dudley et al. 2010 . See also Cohen and Fong 2005) and has been shown to distinguish between distinct δ 15 N-source pools in natural ecosystems (Cornelisen et al. 2007) . Therefore, it is reasonable and logical to assume that Ulva tissue-δ 15 N in the AHE has reflected the substantial relative changes in the mixed sources of 15 N that have undoubtedly occurred over the duration of this study.
Changes in Ulva Biomass
Percentage cover of the AHE by Ulva significantly reduced from pre-diversion levels to post-diversion levels (12.1 to 2.8 %, respectively, for median values: Fig. 9b ). However, we note that percentage cover estimates, while being a commonly used tool for monitoring macroalgal changes in estuaries, may underestimate the actual biomass (e.g. Sutula et al. 2014) . This is because percentage cover does not evaluate thickness of Ulva beds (e.g. Alexander et al. 2008) , with a potentially large variation in the thickness of surface algae for a given percentage cover, especially when cover is high (Sfriso et al. 1991; Bressington 2003; Alexander et al. 2008; Sutula et al. 2014) . Therefore, we consider it likely that the reductions in percentage cover observed in the AHE underestimated the actual reductions in biomass. The reduction in Ulva standing stocks in the estuary included reductions in percentage cover at sites 6 and 7 (western AHE) from 40 % pre-diversion to < 10 % cover, post-diversion. This was also a part of the estuary that had suffered from significant pre-diversion (beach-cast) accumulations of Ulva. It is possible that in this part of the estuary, a change in tidal immersion period due to seabed uplift in the western AHE caused by the February 2011 earthquake (0.2 to 0.3 m, Measures et al. 2011 ) may have partly contributed to the reduction of percentage algal cover observed here. However, this change was relatively minor relative to the mean tidal range of the AHE (~2 m). Furthermore, percentage cover at sites 6 and 7 had already decreased to < 10 % levels in the 2010/2011 summer prior to the February 2011 earthquake, 11 months after the diversion. This suggested that the diversion had a dominant effect at these western sites relative to earthquake effects (as also concluded by Bolton-Ritchie 2015). Changes in earthquake-driven bed height at the other CCC monitoring sites where Ulva had historically accumulated were all relatively minor (0.00 to 0.05 m, Measures et al. 2011 ).
There were situations in the AHE where high Ulva cover persisted after the diversion, in areas dominated by cockle shells (sites 9, 12 14) or coarse sand (8). These substrate types provide good attachment for Ulva, and as result these sites also typically supported Ulva germlings (young Ulva thalli) in thin layers all year-round. As such, these sites were classified as 'seed sites'. In addition, in places where 'seed' Ulva persisted through the year, these areas also probably supported overwintering biomass (albeit at low levels) (T. Costello CCC, personal communication, June 2015) because of good substrate available for attachment (as suggested by Hawes and O'Brien 2000) . Conversely areas where substrate is less ideal for attachment (e.g. areas with persistent layers of fine sediment), or areas where there is high water velocity associated with tidal currents or strong winds, may not support an extensive overwintering biomass (Hawes and O'Brien 2000) . However, it should be noted that bloom-forming Ulva have also been shown to use multiple reproductive strategies for overwintering (Rinehart et al. 2014) ; therefore even if reductions in seed Ulva did occur, this may not necessarily translate to changes in peak season standing stock. Hence, the observed reduction in Ulva percentage cover (and its standing stock) is most likely a direct result of the reduction in N loading in the AHE.
Another cause of post-diversion persistent Ulva cover occurred at sites known to trap drifting algae at 'accumulation' sites (e.g. sites 1 and 3). It is likely that once Ulva germlings ('seeds') reach a threshold size during peak growth periods (summer), they detach from the substrate and drift away, as observed and modelled for the AHE by Hawes and Smith (1995) . Site 1 is a seagrass bed, which traps drifting Ulva, and site 3 is a site where drifted Ulva accumulated to the extent that it required removal by truck from the shoreline in most years prior to the diversion. Both sites have, however, seen greatly lessened accumulation, post-diversion ( Fig. 9 ). Other sites that have seen no change (sites 4 and 5) were those which never had high percentage cover either pre-or postdiversion.
Changes in N Loading
Ulva biochemical monitoring began approximately 1 year prior to the March 2010 wastewater diversion, which was expected to reduce N loading to the AHE by an estimated 90 % (Bolton-Ritchie 2015). This was followed by a reintroduction of N loading (~21 % of the pre-diversion wastewater N load) caused by damage to wastewater infrastructure from the earthquakes and sewage flows from the rivers, from February to November 2011. Regardless of the earthquake effects, since the diversion, there have been large reductions of NH 4 -N and DRP. It was notable, however, that the mean response of DIN at the six water quality sites (Table 1) was less than the 90 % figure, above. This was explicable in that the latter figure is a budget estimate made by comparing CWTP inputs with river and smaller drain inputs (Bolton-Ritchie 2015) whereas the estimate from the six sites included sampling at two sites strongly influenced by the Avon and Heathcote Rivers. Because NO 3 -N loading to the estuary is largely riverine, and the rivers have not been remediated, our estimate of DIN reduction showed a less pronounced response to the diversion than expected from the estuary-wide budget.
Conclusion
The shift in both Ulva biochemical indicators and Ulva abundance since the diversion of wastewater from the AHE clearly reflects a reduction in N loading over time, and at two separate locations in one estuary. This shift in indicted trophic condition (as a function of N loading) was also demonstrated within a much broader (regional) context when compared with samples collected from around New Zealand (Barr et al. 2013) . By 2011 (one year after the diversion), the trophic condition of AHE Ulva (indicated by multivariate analysis of algal bioindicators) had shifted away from an 'enriched urban' status, part-way towards that of 'sheltered clean' estuary status, using the classification of Barr et al. (2013) . The fact that the results for 2010-11 and 2011-12 'shift' were intermingled in multivariate space (Fig. 9 ) probably indicated the temporary impact of the February and June 2011 earthquakes in this progression away from eutrophication. It is also likely that enrichment from the Avon and Heathcote Rivers has an ongoing effect on the AHE's water quality which continues to affect the trajectory of change reflected in Ulva biochemistry, albeit with a much-reduced level of Ulva biomass, compared to pre-wastewater diversion conditions. Further monitoring of the biochemistry and biomass of the algae will help verify this effect and the extent to which the estuary eventually reaches a completely non-impacted state. However, the data indicate that this estuary has shown significant and rapid recovery away from eutrophication caused by heavy urban wastewater nitrogen (and nutrient) loading, supporting our hypothesis that recovery would be rapid after wastewater diversion.
The rapid responses of the algal biochemical and percentage cover indicators to reduced water column N loading indicated trophic resilience to eutrophication in the AHE, driven primarily from the water column. This was consistent with the findings of Zeldis et al. (2019) who found rapid recovery of ecological health in the AHE across multiple benthic indicators, including a large reduction in eutrophic microalgal biomasses. They ascribed this response to the physiography of the AHE: well-flushed tidal lagoon, with sediments that were sandy rather than muddy, well irrigated, and sustained low organic matter contents. This physiography precluded a strong sediment role in eutrophication, in terms of a long-lived legacy of nutrient-release driven by accumulated sediment organic matter.
By exploiting the rapid shifts in N-enrichment caused by the wastewater diversion and the impact of the Christchurch earthquakes, our study has demonstrated several advantages presented by biochemical macroalgal bioindicators in eutrophication assessment with respect to water quality monitoring. Macroalgae are generally present at one site over long periods (from tidal cycles, to days and weeks) and therefore integrate information about average biologically available N. On the other hand, nutrient levels from water quality monitoring are subject to tidal-state aliasing (e.g. Fig. 2 ) as well as seasonal aliasing caused by nutrient incorporation into the algae itself (Thybo-Christesen et al. 1993; Flindt et al. 1999) . Unlike water quality measures as determinants of eutrophication, macroalgal bioindicators can identify N-sources that drive eutrophication (e.g. 14 N/ 15 N ratio differences between wastewater and other estuarine end-members, e.g. rivers/ocean) as well as describe the location and trajectory of a macroalgal community on the gradient from nitrogen saturated to 'clean estuary' conditions. Finally, they add direct physiological understanding of drivers of macroalgal production when accompanied by macroalgal biomass/cover surveys.
